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Contraction of muscles is mediated by highly organized arrays of myosin motor proteins. We report here the characterization of a mutation of a
UCS gene named steif/unc-45b that is required for the formation of ordered myofibrils in both the skeletal and cardiac muscles of zebrafish. We
show that Steif/Unc-45b interacts with the chaperone Hsp90a in vitro. The two genes are co-expressed in the skeletal musculature and knockdown
of Hsp90a leads to impaired myofibril formation in the same manner as lack of Steif/Unc-45b activity. Transcripts of both genes are up-regulated
in steif mutants suggesting co-regulation of the two genes. Our data indicate a requirement of Steif/unc-45b and Hsp90a for the assembly of the
contractile apparatus in the vertebrate skeletal musculature.
© 2007 Elsevier Inc. All rights reserved.Keywords: Zebrafish; Chaperone; Co-chaperone; Muscle damage; hsp90a; UCS factorIntroduction
Muscle contraction involves the coordinated parallel action
of myosin-based motors. These motors glide in an ATP-driven
reaction along actin filaments that are anchored at the Z-lines.
While the structure of this repetitive sarcomere unit of the
myofibril is very well characterized, it is less clear how these
highly ordered arrangements are assembled and maintained. A
growing body of evidence suggests that correct folding and
assembly of myofibrils involve auxiliary proteins (Barral and
Epstein, 1999; Srikakulam and Winkelmann, 1999).
The nematode protein Unc-45 and related fungal proteins
appear to be such assembly proteins (Barral et al., 2002;
Hutagalung et al., 2002;Wong et al., 2000). These proteins share
a domain at their COOH-terminus named UCS after the
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doi:10.1016/j.ydbio.2007.05.014P. anserine Cro1; S. cerevisiae She4p; (Barral et al., 1998;
Hutagalung et al., 2002)). The vertebrate genomes encode two
related proteins with sequence similarity to C. elegans Unc-45
(Price et al., 2002). Like unc-45, the vertebrate genes harbor two
other conserved domains: a Tetratricopeptide Repeat (TPR) and
a Central domain, in addition to the UCS domain (Price et al.,
2002).
Multiple cellular processes are affected by mutations in UCS
proteins. These range from failure to form thick myofilaments in
the body wall muscle of C. elegans (Epstein and Thomson,
1974), an impairment of endocytosis and a disorganized actin
cytoskeleton in S. cerevisiae (Jansen et al., 1996; Wendland et
al., 1996) to defective actin-myosin ring assembly and
cytokinesis in S. pombe (Balasubramanian et al., 1998).
Biochemical and genetic studies suggest that all UCS proteins
interact with myosins, which are shared molecular players in
these diverse cellular processes (Barral et al., 2002; Epstein and
Thomson, 1974; Kachur et al., 2004; Toi et al., 2003; Venolia et
al., 1999; Wong et al., 2000). Unc-45 can act as a chaperone and
binds directly to the myosin head (S1 fragment; Barral et al.,
134 C. Etard et al. / Developmental Biology 308 (2007) 133–1432002). In addition, it can interact with the chaperone Hsp90 via
the TPR domain in vitro, forming stochiometric complexes with
the S1 fragment of myosin (Barral et al., 2002). Interactions
with Hsp90-like proteins were also reported for S. pombe
Rng3p (Barral et al., 1998; Mishra et al., 2005). However in this
case, it appears to involve a different mechanism of interaction
as Rng3p does not harbor a TPR domain (Barral et al., 1998;
Mishra et al., 2005). The Unc-45 protein co-localizes with sites
of myosin maturation (Ao and Pilgrim, 2000) and in the adult
nematode, it decorates the myosin B containing regions of the
thick filaments of the striated muscles (Ao and Pilgrim, 2000).
Thus, UCS domain proteins are universally linked to myosin
dependent motility, presumably folding the various types of
myosins into a functional conformation. However, there may be
also other functions of UCS proteins: in vitro experiments
suggest that Rng3p may help myosin (myo2p) to glide along
actin filaments, a process that does not seem to require
chaperone activity (Lord and Pollard, 2004).
Little functional evidence on the role of UCS proteins in
vertebrates was reported so far. One of the two vertebrate
homologues of unc-45 is specifically expressed in the striated
muscles (Etheridge et al., 2002; Price et al., 2002). Antisense
experiments in C2/C12 myoblasts suggest that the two
mammalian homologues of the UCS proteins may be involved
in cytokinesis, cell fusion and myofibrillogenesis (Price et al.,
2002).
We report here the cloning and functional characterization of
a nonsense mutation in the zebrafish steif locus, which encodes a
member of the UCS family. This gene also named unc-45b is
expressed in zebrafish striated muscles (Etheridge et al., 2002;
Wohlgemuth et al., 2007). The point mutation in steif/unc-45b
leads to a truncation of the UCS domain and causes a complete
lack of motility andmyofibrils of both skeletal and heart muscles
are disorganized. These results are in agreement with a recent
publication reporting the effect of knockdown of unc-45b in
zebrafish (Wohlgemuth et al., 2007). Our data suggest that Steif
interacts physically and functionally with Hsp90a. We describe
here for the first time the phenotype of a mutation in a vertebrate
UCS domain protein and show that this protein interacts with the
heat shock protein Hsp90a during myofibrillogenesis.
Materials and methods
Fish stocks, mutagenesis, mapping and cloning
Fish were bred and raised as previously described (Westerfield, 1993).
Chemical mutagenesis with ethyl-nitrosourea and F3 screening were carried out
as described (Behra et al., 2002;Mullins et al., 1994; Solnica-Krezel et al., 1994).
Linkage was established using simple sequence length polymorphism
markers (SSLP) and ESTs (Geisler et al., 2002). For cloning of steif, standardFig. 1. Zebrafish embryos with a mutation in the steif gene fail to form myofibrils i
immotile and have smaller eyes than wild-type embryos (A). (C, D) electron microsco
type and a steif mutant embryo (48 hpf). In contrast to wild-type (C), steif mutant
micrographs of sections through cardiac muscle cells from 5-day-old wild-type (E) an
intercalated disks (arrows indicate Z-lines of sarcomeres). (G, H) superficial wild-type
F59 directed against slow muscle myosin. Wild-type (G) but not the steif mutant c
staining of wild-type (I) and steif (J) slow muscle cells. As in the case of the myosin
disorganized in the mutant (J). Scale bars: 1 μm (C, D); 0,5 μm (E, F); 25 μm (G–procedures were employed (Sambrook and Russel, 2001). RNA was extracted
from pools of 50 homozygous steif mutants or homozygous wild-type embryos
(Trizol, Gibco BRL) and reverse transcribed (Sambrook and Russel, 2001).
Wild-type and homozygous steif mutant cDNAs were amplified with primers
matching the steif/unc-45b zebrafish sequence (AF330001) and several
independently amplified PCR products were sequenced.
Full-length steif/unc-45b cDNAwas amplified with a 5′ primer containing an
EcoRI restriction site and a 3′ primer with a C–G transversion corresponding to
position 2803 to remove the stop codon of the steif/unc-45b gene followed by a
XhoI restriction site. The PCR fragment was cloned in-framewith theGFP coding
sequence into pCS2+GFP. For the truncated mutant version of steif/unc-45b, the
pCS2+unc-45b-GFP plasmid was cut withDraIII and XhoI to remove the 450 bp
C-terminal fragment of unc-45b, the sticky ends were filled with T4 DNA
polymerase, and the plasmid was re-circularized. The encoded mutant Steif/unc-
45b protein is 3 amino acids shorter than the protein encoded by steif sb2.
All constructs were sequenced. Details of the cloning primers are available
upon request.
Cloning of steif-BAC-CFP (BAC zk250A16) was carried out as described
(Lee et al., 2001; Shin et al., 2003).
The zebrafish genome was searched (Zv4) for hsp90 homologues and 3
sequences corresponding to hsp90a, hsp90a2 and hsp90b were found. Wild-
type zebrafish cDNAs were amplified with primers matching the hsp90a (Gi:
49899168), a2 (Gi: 18858873) and b (Gi: 18858875) zebrafish, the resulting
fragments were cloned into pCS2+GFP.
Histology, immunohistochemistry, in situ hybridization and
microscopy
We carried out whole-mount in situ hybridization and immunochemistry as
described (Costa et al., 2002; Crow and Stockdale, 1986; Oxtoby and Jowett,
1993). Monoclonal antibodies directed against sarcomeric α-actinin (Sigma),
polyclonal antibody F59 (Crow and Stockdale, 1986) and F-actin were detected
with Rhodamine-phalloidin (Molecular Probes).Optical sectionswere takenwith a
Leica TCS4D confocal microscope. FRAP analysis used the Leica TCS SP2
program in fly mode and the “quantification” subroutine. Birefringence was
analyzed as described previously (Behra et al., 2002).
Microinjection
Injections were performed as described (Müller et al., 1999). Morpholinos
(Genetools LLC, Oregon) were injected at 0.3 mM. steif-Mo: ccaatttctcc-
catcgtcattgaag, co-steif-Mo: ccattttgtccgatcctcattcaag, hsp90a-Mo: tcgagtggtt-
tattctgagagtttc, hsp90a2-Mo: ccgacttctcag gcatcttgctgtg, hsp90b-Mo:
ttggcgcattt cttcaggcatcttg.
For the rescue and expression experiments, all the plasmids fused to GFP
were injected at 0.3 μg/μl. BAC containing steif fused to CFP was injected at the
same concentration.
GST pull down
Steif/unc-45b full-length cDNA was cloned into pGEX-4T-3 vector.
Expression of recombinant proteins in BL21D3 cells was induced by adding
1 mM IPTG at OD600=0.8. After incubation for 4 h at room temperature,
proteins were extracted by sonication in NOP buffer (1× PBS, 0.1% TritonX100,
1 mM DTT, 0.5 mM PMSF). For pull-down experiments the bacterial protein
lysates were incubated with immobilized fusion proteins according to previously
described protocols (Bauer et al., 2000) and finally washed 3 times with NOP
buffer. pCs2+Hsp90a-GFP, pCs2+Hsp90a2-GFP or pCs2+Hsp90b-GFP proteinn the skeletal musculature and the heart. (A, B) 3-day-old steif mutants (B) are
pic analysis of parasagittal sections through a somitic fast muscle cell of a wild-
(D) skeletal fast muscle cells do not form ordered myofibrils. (E, F) electron
d mutant embryos (F). The mutant lacks myofibrils and does also not form proper
and mutant slow muscle cells stained immunohistochemically with the antibody
ells (H) show the striped pattern of slow muscle myosin staining. (I, J) F-actin
-containing thick filaments, the thin filaments composed of F-actin are strongly
J).
135C. Etard et al. / Developmental Biology 308 (2007) 133–143was synthesized in rabbit reticulocytes (TNT kit, Promega) and incubated at
room temperature for 1 h with glutathione–sepharose beads. After 3 successive
washes, bound proteins were detached from the bead by boiling them for 10 min
at 95 °C. Proteins were separated by 10% SDS PAGE, transferred onto
nitrocellulose and incubated with the GFP antibody. Visualization was
performed using the odyssey infrared imaging system (Biosciences).Two-hybrid screen
The two-hybrid interaction screen was performed by Hybrigenics, Paris,
France. Briefly, full-length Steif was used as a bait and subcloned into pB27
(LexA, C-terminal fusion) against a prey library cloned from 18 to 20 hpf
zebrafish embryos. More than 10 million interactions were analyzed.
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Steif mutants impair skeletal and cardiac myofibrils
In an F3 screen for chemically induced motility mutants in
the zebrafish (Behra et al., 2002), we identified a recessive
lethal mutation that caused complete paralysis. We named the
affected gene steif (German for stiff). Homozygous steifmutants
lack a beating heart and have smaller eyes compared to
heterozygous siblings (Figs. 1A, B). Inspection of 3-day-oldsteif mutants with polarized light revealed a strong reduction
of birefringence at the somitic musculature (data not shown, see
also Figs. 3A, C) indicative of missing or disorganized muscle
fibrils. While wild-type muscle fibers contain the highly
organized parallel myofibrils, steif mutants do not show these
contractile structures (Figs. 1C, D), suggesting that the mutation
affects the synthesis of muscle proteins or the organization of
muscle fibrils. Examination of the ultrastructure of cardiomyo-
cytes in 5-day-old embryos revealed a similar lack of myofibrils
(Figs. 1E, F). Moreover, the electron dense material forming the
intercalated disks is not as prominent in the steif mutant heart as
in the wild-type (n=10, Figs. 1E, F, arrow). F-actin, slow and
fast muscle myosins, Titin, Troponin T and α-Actinin are
expressed in the mutant (Figs. 1G–J and data not shown). The
cytoplasm of steif muscle cells is filled with disorganized
fibrils, producing a punctuate staining of slow muscle myosin
(Fig. 1H) and F-actin (Fig. 1J). The same disorganization was
observed for Titin, Troponin T and α-Actinin (data not shown).
To exclude that myofibrils were first formed, and then became
disorganized, we analyzed sections of 20 hpf embryos by
electron microscopy (data not shown). steif mutants had
disorganized myofibrils already at 20 hpf. Hence, the steif
mutation affects the formation of myofibrils in both the skeletal
and cardiac muscles.
The steif locus encodes a UCS protein related to the
co-chaperone Unc-45
We mapped the mutation utilizing microsatellite markers
(Geisler et al., 2002). steif was found to be located on
chromosome 8 between the markers z15045 and z11001 (Fig.
2A). Closer inspection of this region in the genome sequence
(http://www.ensembl.org/,Zv4) revealed close linkage with a
gene related to unc-45 of C. elegans. The unc-45-related (also
named unc-45b) gene was thus a possible candidate for the steif
locus. To obtain experimental support for this hypothesis, we
amplified the unc-45b DNA from wild-type and homozygous
steif mutant embryos and sequenced the isolated fragments.
Indeed, a nonsense mutation was identified in the unc-45b gene
of steif mutants replacing the cysteine at position 788 with a
stop codon (Fig. 2B). The inferred protein product represents aFig. 2. The steif gene maps to a locus related to nematode unc-45. (A) the steif
mutation was mapped to linkage group 8 (LG8) close to the marker fc15g07 and
unc-45-related (now named unc-45b). (B) the point mutation in the unc-45b
gene isolated from steif mutants changes a C to an A (arrow) leading to the
formation of a stop codon. (C) in the steif mutant, the steif/unc-45b gene
contains a point mutation that transforms the codon of cysteine 788 into a stop
codon. The steif/unc-45b gene has the same domain structure as C. elegans unc-
45 with N-terminal tricopeptide repeats (TPR), Central and the C-terminal UCS
domain that is shared with the fungal proteins She4p and Cro1. The nonsense
mutation in steif mutants leads to truncation of the UCS domain. (D–E) in situ
hybridization to wild-type embryos showing steif/unc-45b mRNA localization
in skeletal and cardiac muscles (arrow). (D) 24 hpf, lateral view; (E) 72 hpf,
lateral view. am, adductor mandibulae; do, dilator operculi; hh, hyohyoideus; ih,
interhyoideus; imp, intramandibular posterior; io, inferior oblique; ir, inferior
rectus; lap, levator arcus palatini; lr, lateral rectus; so, superior oblique; tv,
transversus ventralis. Arrow: heart. Scale bar: 120 μm (D); 60 μm (E).
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domains but only parts of the UCS domain (Fig. 2C).
The steif/unc-45b mRNA was detected in the somitic
muscles and the heart primordium of 24-h-old embryos (Fig.
2D) in agreement with a previous report (Etheridge et al., 2002).
At older stages, we found steif/unc-45b mRNA expression in
the muscles of the pectoral fins, the jaw, the branchial arches
and the eye (Fig. 2E). In summary, this pattern of expression
reflects the tissues that are affected by the mutation. However, it
does not explain the reduced size of the eyes. This latter
phenotype may be an indirect consequence of impaired cardiac
function as a reduction in eye size was observed in other cardiac
mutants (Sehnert et al., 2002).
Expression of Steif/Unc-45b rescues myofibril formation in the
mutant
To provide further evidence that the steif locus and the unc-
45b gene are identical, we carried out rescue experiments. A
BAC clone encoding the steif/unc-45b gene was modified by
homologous recombination in E. coli (Lee et al., 2001; Shin
et al., 2003) to generate a chimeric protein with the CFP geneFig. 3. Expression of steif in the mutant restores myofibrils. (A) uninjected wild-type
fused with CFP, (C) uninjected steif mutant. The color code on the inserted bar repre
blue (low). (D) F59 staining of BAC-injected steif embryos showing rescue of single
CFP show normal striation (A-band, arrow head, vertical lines, Z-lines). (F–I) Steif-G
and rescue of myofibril organization (F, GFP fluorescence; G, birefringence; H, merge
embryos (arrow indicates Z-line). Scale bars: 150 μm (A–C); 12 μm (D, F–H); 2 μfused in-frame to the C-terminus. The recombinant BAC clone
was injected into cleavage stage embryos derived from crossing
heterozygote parents. The organization of the myofibrils and the
body movement were examined in the injected steif mutant
embryos, which could unambiguously be identified because the
rescue was only partial, due to the mosaic expression of Steif-
CFP. Expressing embryos displayed recovery of birefringence in
the skeletal muscles of trunk and tail (Figs. 3A–C) and embryos
with large numbers of Steif-CFP expressing cells regained
mobility (data not shown). Steif-CFP expressing mutant cells
formed normal myofibrils (100%, n=30, Figs. 3D, E). Heart
beat was noted when Steif-CFP expressing cells were located in
the heart (data not shown). Since the BAC-steif-CFP clone may
contain other genes, which could potentially rescue the
phenotype, we verify that the unc-45b gene is responsible for
this rescue. Plasmids containing fusions of the green fluorescent
protein (GFP) gene with the steif/unc-45b cDNA under the
control of a CMV promoter also rescued myofibril formation
(Figs. 3F–I). Fusion proteins containing the mutant Steif/Unc-
45b had no effect (data not shown). Taken together, these data
confirm that the point mutation in the steif/unc-45b gene is
responsible for the mutant phenotype. In addition, overexpres-, (B) steif mutant injected with the BAC clone encoding the steif/unc-45b gene
sents the intensity of birefringence covering a five fold range from red (high) to
fibrils (arrowhead). (E) magnification of panel F. Muscle cells expressing Steif-
FP plasmid injection into steif mutant embryos led to recovery of birefringence
of panels F and G). (I) α-actinin staining showing a rescued fibril in steif mutant
m (E), 5 μm (I). (A–I) 3-day-old embryos.
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affected the normal development.
Knockdown of steif/unc-45b phenocopies the mutant
To provide further independent proof that the mutation in
the steif/unc-45b gene is indeed responsible for the observed
phenotype we injected an antisense morpholino (Nasevicius
and Ekker, 2000) directed against the translation initiation
region of the steif gene. Injected embryos were completely
immotile at 24 hpf and had strongly impaired motility at 48 hpf
(100%. n=74). Moreover, birefringence from the flank of MO-
injected embryos was as strongly affected as that from steif
mutants (Figs. 4A, C, E). MO-injected embryos also lacked the
heartbeat (n=74, 100% injected embryos at 24 hpf), and the
eyes were smaller as in the steif mutant embryos (n=74, 100%,
at 72 hpf, and data not shown). Furthermore, formation of
myofibrils appeared to be affected in a similar manner as in the
case of the steif mutants (Figs. 4B, D, F). These changes were
not observed when a control morpholino with 5-point
mutations (n=60) was injected (data not shown). These results
are in agreement with a knockdown study of steif/unc-45b
which appeared while this manuscript was in preparation
(Wohlgemuth et al., 2007). The injection of unc-45b morpho-
linos in a batch of eggs derived from heterozygous parents
resulted in 100% of paralytic embryos (n=120, data not
shown). The injected steif/unc-45b homozygous mutantFig. 4. Knockdown of Steif phenocopies the mutant phenotype. Two-day-old wild-ty
(A, C, E) were illuminated at 72 hpf with polarized light to visualize the birefringence
Unc-45b protein (C) by injection of antisense morpholino reduces the birefringence si
and steif mutant embryos (F) stained immunohistochemically at 48 hpf with the antibo
(F) mutants have similarly disorganized slow muscle myofibrils. Scale bar: 50 μm (embryos were indistinguishable from the heterozygous and
homozygous wild-type siblings injected in parallel. Taken
together, the antisense morpholino directed against the steif
gene reproduces the steif mutant phenotype. These results
furthermore suggest that truncation of the UCS domain results
in a loss-of-function phenotype.
Steif/Unc-45b interacts with Hsp90 proteins
To identify proteins interacting with the Steif/unc-45b
protein, a yeast two-hybrid screen was performed with a yeast
cDNA library derived from 18 to 20 hpf old embryos. Among
10 million clones that were screened, Hsp90b was identified 41
times as a protein strongly interacting with full-length Steif/
Unc-45b.
When analyzed by in situ hybridizations in 1-day-old
embryos, the hsp90b gene was found to be ubiquitously
expressed with low levels in the musculature (Fig. 5A), while
two other closely related genes hsp90a and hsp90a2 were
expressed specifically in the skeletal and cardiac muscles (Figs.
5B, C see also Krone et al., 2003; Sass and Krone, 1997). The
patterns of expression of hsp90a and a2 matched perfectly the
steif/unc-45b expression pattern (Fig. 2D).
To confirm the results from the yeast two-hybrid screen and
to assess also a possible interaction of the co-expressed Hsp90a
and Hsp90a2 proteins with Steif/Unc-45b, pull-down assays
were performed. Proteins were synthesized either as GST or aspe (A, B), morpholino-injected (C, D) and steif mutant embryo (E, F). Embryos
in the somitic muscle (for color representation see Fig. 3). Knockdown of Steif/
milarly to mutations in steif (E). (B, D, F) wild-type (B), morpholino injected (D)
dy F59 directed against slow muscle myosin. Knockdown embryos (D) and steif
A, C, E); 15 μm (B, D, F).
Fig. 5. Steif/Unc-45b interacts with Hsp90a in vitro. (A–C) in situ hybridization
with hsp90b (A), hsp90a (B) and hsp90a2 (C) antisense probes on 1-day-old
embryos. hsp90a and a2 are strongly expressed in skeletal and heart muscles
(arrow), while hsp90b is ubiquitously expressed. (D) in vitro pull-down assay.
Steif-GST interacts with Hsp90a-GFP, Hsp90a2-GFP and Hsp90b-GFP but not
GFP alone (lanes 1 to 4). GST without fused Steif does not pull down Hsp90a-
GFP, Hsp90a2-GFP, Hsp90b-GFP or GFP (lanes 5 to 8). The Western blots were
developed with anti-GFP antibody. M: protein standards indicated in kDa.
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and subsequent detection of the interacting proteins by Western
blotting with an anti-GFP antibody. GST-Steif pulled down
Hsp90a, -a2 and -b (Fig. 4D). The GST domain alone was
unable to retain the Hsp90-GFP fusion proteins. These pull-
down experiments confirm the results from the yeast two-hybrid
analysis and suggest that Hsp90a and a2 are also able to interact
with Steif protein.Knockdown of hsp90a phenocopies the steif phenotype
To investigate whether Hsp90a, -a2 and -b were required in
vivo for proper muscle formation, the translation of the three
hsp90 mRNAs was blocked by injection of specific antisense
morpholinos directed to the translation initiation site (see
Materials and methods). Morpholinos knocking down hsp90a
generated a phenotype in the skeletal musculature that is
similar to steif mutants (100% n=150 embryos). The embryos
were immotile, and the birefringence was strongly reduced
(Figs. 6A, C). The F59 slowmyosin antibodies staining revealed
the same disorganization of myofibrils as that observed in steif
embryos (Figs. 6B, D compare with Figs. 4A–F). However, the
heart is beating in hsp90a knockdown embryos, suggesting that
Hsp90a is not required for the formation of myofibrils in the
heart. When we injected the morpholino directed against hsp90a
mRNA together with a plasmid encoding the HSP90a-GFP
fusion protein, expression of the fusion protein was completely
abolished (100%, n=50). In contrast, co-injection of morpho-
linos directed against the highly related hsp90a2 or hsp90b
mRNAs was ineffective in blocking Hsp90a-GFP expression
(100%, n=50 in each case). Thus, the effect of the morpholino
directed against hsp90a mRNA knocked down specifically
Hsp90a.
Moreover, the morpholinos complementary to the hsp90a2
or hsp90b mRNAs did not generate a phenotype that re-
sembled that of the steif mutation (100% of 200 embryos in
each case). The embryos were curved, and the birefringence
was decreased slightly compared to wild-type embryos, but
the immunohistochemical analysis with antibodies against
different myofibrillar proteins revealed organized sarcomeric
structures (Figs. 6F, H and data not shown). In addition, the
embryos were motile. When the morpholino directed against
hsp90b mRNA was injected together with a plasmid en-
coding the Hsp90b-GFP fusion protein, all GFP expression
was abolished (100%, n=50) indicating that the morpholino
is effectively blocking the translation of hsp90b mRNA.
Hsp90a and a2 morpholinos were unable to block Hsp90b-
GFP expression.
Taken together our data suggest that knockdown of Hsp90a
phenocopies the steif/unc-45b mutant phenotype, which is con-
sistent with the notion that Hsp90a is the main interaction partner
of Steif/Unc-45b in vivo during skeletal myofibrillogenesis.
Expression of steif and hsp90a chaperones are up-regulated in
steif mutant embryos
Heat shock proteins can be induced by cellular stress
(Kampinga, 2006). We therefore utilized in situ hybridization
to investigate whether lack of steif/unc-45b causes changes in
expression levels of hsp90a, a2 and b genes. At 48 hpf, the
wild-type embryos were separated from the immotile steif
mutant siblings and the two groups of embryos were then
processed in parallel for in situ hybridization. steif mutant
embryos showed elevated levels of hsp90a expression at
48 hpf in comparison to wild-type siblings (Figs. 7A–B, 100%,
n=40). Both the heart (Figs. 7A, B, arrow, insert) and the
Fig. 6. Knockdown of hsp90a phenocopies the steif phenotype. (A, B) uninjected, (C, D) hsp90a, (E, F) hsp90a2, and (G, H) hsp90bmorpholino injected embryos show
normal birefringence at 72 hpf while hsp90a morpholino (C) injected embryos lack birefringence similar to steif mutants. (B, D, F, H) immunostaining of slow muscle
myosin of control (B), hsp90a-morpholino (D), hsp90a2-morpholino (F), and hsp90b-morpholino injected embryos. Scale bar: 120 μm (A, C, E, G); 50 μm (B, D, F, H).
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to wild-type siblings. hsp90a2 mRNA levels were less strongly
but still detectably elevated in the heart and skeletal
musculature of steif mutants (Figs. 7C, D, n=20 embryos).
In contrast, we did not detect significant differences of
expression of the hsp90b gene between wild-type and steif
mutant embryos (data not shown, n=30) indicating that
hsp90b expression is regulated differently.
Since Hsp90a and Steif/Unc-45b appeared to interact both
physically and functionally, we next investigated whether the
expression of steif/unc-45b was similarly affected as hsp90a
and a2. Indeed steif mutants (100% n=40) expressed higher
levels of steif/unc-45b mRNA in the skeletal muscle (Figs. 7E,
F). However, we did not detect an elevated expression in
the heart. Taken together these data suggest that steif/unc-
45, hsp90a and a2 are co-regulated in the skeletal muscle.Discussion
The steif gene, which was identified by its mutant
phenotype in a genetic screen in the zebrafish, encodes a
UCS gene similar to unc-45 of C. elegans (Ao and Pilgrim,
2000; Barral et al., 1998; Hutagalung et al., 2002). The steif/
unc-45b gene is required for motility and myofibril formation
in both skeletal and cardiac muscles of the zebrafish. Steif/
unc-45b appears not only to share the structure but also at
least some of the functions with the C. elegans homologue
unc-45. As in nematodes, it plays a crucial role in assembly
of thick filaments. We identified the heat shock protein
Hsp90a as an interacting protein. Steif/Unc-45b and Hsp90a
are required for correct myofibril structure in skeletal muscle,
suggesting that they form a chaperone–co-chaperone pair in
the assembly of vertebrate myofibrils.
Fig. 7. Hsp90a and Steif/unc-45b mRNA are up-regulated in steif mutant embryos. In situ hybridization with antisense probes for hsp90a (A–B), a2 (C, D) and steif/
unc-45 (E, F). steif mutant embryos (B, D, F) show an up-regulation of hsp90a, a2 and steif/unc-45b transcripts in skeletal muscles. Only hsp90a and a2 expression
levels were increased in the heart (arrow and insert in panels A to D). Note that for reasons of quantitative comparisons, the staining reactions had to be terminated
before strong signals were detectable in the wild-type embryos. All embryos are 2 days old. Scale bar: 150 mm.
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The expression pattern of steif (Etheridge et al., 2002, and
this report) is tightly correlated with the tissues affected by the
mutation. The only exception is the small eyes in the mutants,
which is most likely an indirect effect of cardiac failure and poor
oxygenation of these organs. steif mutants have severely
disorganized myofibrils. Z-lines appear to form and myosin is
organized in discrete patches suggesting that myofibril
assembly is initiated but fails to be completed. This phenotype
is in agreement with a recently published morpholino knock-
down study of unc-45b in the zebrafish (Wohlgemuth et al.,
2007).
A similar defect is observed in nematodes carrying zygotic
mutations in the unc-45 gene (Venolia and Waterston, 1990)
and in mammalian myoblasts upon antisense blockage of
expression of SMunc-45 that like Steif is expressed in striated
muscle cells of mammals (Price et al., 2002). A second
ubiquitously expressed gene GCunc-45 that is structurally very
similar to SMunc-45 is present in the genomes of mammals
(Price et al., 2002), pufferfish (Hutagalung et al., 2002) and
zebrafish (unpublished data). Antisense experiments suggested
that this isoform is required for proliferation and fusion of the
C2C12 myogenic cells (Price et al., 2002). Our data are in
agreement with the proposed role of the mammalian SMunc-45in myofibrillogenesis suggesting that Steif is the orthologue of
SMunc-45.
A common theme of all UCS proteins is their interaction
with myosins. This was first demonstrated for a full-length and
TPR deleted C. elegans Unc-45 (Barral et al., 2002). In C.
elegans, Unc-45 is associated with newly synthesized myosin
and, in the adult, it decorates the peripheral zones of the thick
filaments composed of myosin B (Ao and Pilgrim, 2000). The
S. cerevisiae homologue She4p is transiently associated with
the myo3/4/5p myosins (Toi et al., 2003). Although S. pombe
Rng3p is mostly located in the cytoplasm, it is transiently
interacting with the myosins in the cytokinetic ring (Wong et al.,
2000). Studies of the yeast proteins She4p and Rng3p showed
that it is indeed the UCS domain, which mediates the interaction
with myosins (Mishra et al., 2005; Toi et al., 2003). The
importance of the UCS domain for myofibrillogenesis in
vertebrates is indicated by the severe phenotype caused by the
UCS-truncated Steifsb60 protein in zebrafish.
UCS proteins can have functions other than being chaper-
ones: for example, in vitro experiments showed that Rng3p
facilitates the gliding of myosin molecules along actin filaments
(Lord and Pollard, 2004). We cannot rule out such a function of
Steif/Unc-45b protein in addition to assembly of myofibrils.
Overexpression of Rng3p in S. pombe disturbed cytokinesis. In
studies of mammalian myoblasts, cell fusion or cytokinesis
defects were observed when the expression of the muscle
142 C. Etard et al. / Developmental Biology 308 (2007) 133–143specific SMunc-45 gene was blocked (Price et al., 2002). We
did not find evidence for a role of steif/unc-45b in myoblast
fusion or in cytokinesis. The E4 ubiquitin ligases Ufd-2 and
Chip appear to tightly regulate the levels of Unc-45 in C.
elegans (Hoppe et al., 2004). We did not observe adverse effects
of overexpression in the zebrafish, even after varying the
concentration of expressed Steif-GFP over a fivefold range in
individual myoblasts. We cannot rule out, however, that
overexpression causes adverse effects, when the function of
the entire muscles is investigated.
Steif cooperates with the chaperone Hsp90a
From biochemical studies, it has been suggested that Unc-
45 exerts chaperone activity in two different ways (Barral et
al., 2002). First it can prevent protein aggregation in a citrate
synthase assay like a chaperone. Second it was proposed to act
as a co-chaperone by recruiting the chaperones Hsp90 and
Hsp70 to the myosin client. Genetic analysis in S. cerevisiae
and S. pombe showed an interaction between Hsp90 related
chaperones and the UCS proteins She4p and Rng3p,
respectively (Mishra et al., 2005; Toi et al., 2003). Several
lines of evidence suggest that Hsp90a plays a crucial role in
the myofibril assembly pathway in the zebrafish. First, hsp90a
is expressed at high levels in the skeletal muscles. Second,
Hsp90a interacts with Steif/Unc-45 in pull-down assays.
Third, knockdown of the hsp90a gene causes a similar
phenotype as steif mutants in skeletal muscle. Interestingly,
hsp90a knockdown does not affect cardiomyofibrillogenesis
suggesting that steif/unc-45b interacts with a different chape-
rone in the heart.
Both steif and hsp90a appear to form a co-regulated
synexpression group in the skeletal muscle that responds by
an increase in message levels to lack of steif/unc-45b function.
This suggests that not only hsp90 but also steif/unc-45 are
under control of heat shock transcription factor (HSF). The
misfolded myosin may act as a signal that triggers release of
HSF from the complex with Hsp90 (Voellmy and Boellmann,
2007) leading to coordinated up-regulation of hsp90a, -a2 and
steif/unc-45b genes.
Neither Hsp90b nor Hsp90a2 appear to be required for
myofibril formation in skeletal muscles even though both
proteins interact with the Steif/Unc-45b protein in vitro.
Hsp90a2 is expressed at lower levels but in the same pattern
as Hsp90a, while Hsp90b is present throughout the embryo
(Krone et al., 2003; Sass and Krone, 1997). This suggests that
it may be the low expression levels of Hsp90a2 and Hsp90b in
the muscle that precludes a functional involvement in
myofibrillogenesis.
Hsp90 chaperones have been implicated in a plethora of
different physiological processes and they play also a role in
epigenetic mechanisms as capacitors of phenotypic variation
(Queitsch et al., 2002; Ruden et al., 2003; Sollars et al., 2003).
Irrespective of a potential functional equivalence of the three
Hsp90 factors in the zebrafish, it therefore astonishes that
knockdown of a single Hsp90-like molecule has such a specific
phenotype. Many genes became subfunctionalized in thezebrafish after a genome duplication at the base of the teleost
radiation (Force et al., 1999). It is thus tempting to speculate that
the hsp90 genes are other examples of duplicated genes having
acquired tissue-specific functions during subsequent evolution.
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